Introduction
============

Hemophagocytic lymphohistiocytosis (HLH) is a syndrome of overwhelming immune activation characterized by several clinical features, such as high fever, multi-lineage cytopenia, splenomegaly, and hyperferritinemia.^[@b1-1021956]--[@b3-1021956]^ In primary HLH patients, various mutations in genes related to the granule-dependent cytotoxicity pathway in T/natural killer (NK) cells have been identified.^[@b4-1021956]^ CD8^+^ T cells and interferon gamma (IFN-γ) have been shown to play critical roles in the pathogenesis of primary HLH, the onset of which is usually triggered by viral infection.^[@b5-1021956]^ On the other hand, secondary HLH (sHLH) has a heterogeneous etiology, which is often triggered by systemic viral infection, autoimmune disorder, or hematologic malignancies.^[@b3-1021956],[@b6-1021956]^ In contrast to primary HLH, cytotoxic activity of T/NK cells is not always decreased in sHLH.^[@b7-1021956]^ Macrophage activation syndrome (MAS), a form of sHLH in the context of rheumatic disease that is especially associated with systemic juvenile idiopathic arthritis (sJIA),^[@b8-1021956]^ is associated with aberrant toll-like receptor (TLR)-induced gene expression patterns.^[@b9-1021956]^ Despite reports that primary and sHLH have different genetic aberrations and distinct cytotoxic activities, the key features for HLH (cytopenias and a unique presentation of extreme inflammation) remain common.^[@b7-1021956]^ Thus, we hypothesized that there are common underlying downstream mediators for HLH phenotype development. Identifying these mediators for HLH will not only help to understand the disease, but also lead to the development of better therapies.

Hypoxia-inducible factor (HIF), which was originally discovered as a critical transcription factor for optimal cellular adaptation to hypoxia, actually plays an important role in immune response, both in hypoxia and normoxia conditions^[@b10-1021956],[@b11-1021956]^ HIF consists of heterodimers, HIF-α subunit and ARNT. ARNT is stably expressed in many cell types, while HIF-α subunits are expressed differently in tissues and cells. So far, three isoforms of HIF-α subunits, HIF1A, HIF2A, and HIF3A, have been documented.^[@b12-1021956]^ HIF1A is widely expressed in both innate and adaptive immune cells,^[@b13-1021956]--[@b16-1021956]^ while HIF2A/EPAS1 expression is limited in certain immune cell types,^[@b17-1021956],[@b18-1021956]^ and the HIF3A expression pattern has not been so well studied. Many stimuli or factors that have a function in the immune response lead to HIF1A protein accumulation and activation independent of the hypoxic regulation. Bacteria, lipopolysaccharide (LPS), and tumor necrosis factor-α (TNF-α) have been well documented to induce HIF1A accumulation in macrophages, thereby boosting their microbicidal capacity.^[@b19-1021956],[@b20-1021956]^ T-cell receptor ligation in T cells increases HIF1A transcription and HIF1A protein accumulation. Moreover, cytokines, such as IL-2, induce HIF1A accumulation in CD8^+^ T cells enhancing their cytotoxic function.^[@b10-1021956]^ There is growing evidence to indicate the potential role of HIF1A signaling in immune activation.

To identify the key downstream mediators for HLH, we first performed a bioinformatic analysis of published microarray expression datasets of familial hemophagocytic lymphohistiocytosis (FHL) and sJIA.^[@b9-1021956],[@b21-1021956]^ We found that the HIF1A signature, which refers to a group of HIF1A-induced genes, was enriched in both FHL and sJIA patients' peripheral blood mononuclear cells (PBMCs). Then, we confirmed that HIF1A protein expression was significantly increased in two widely-used HLH mouse models. Furthermore, *in vivo* data from transgenic mice show that activation of HIF1A in hematopoietic cells results in HLH-like phenotypes. Our study suggests that the HIF1A signaling pathway is a critical pathological downstream mediator for HLH development.

Methods
=======

Cell line and mice
------------------

Murine cell line Raw264.7 was purchased from ATCC. Cells were cultured in DMEM medium in a 5% CO~2~ incubator at 37°C, and subcultured every 2--3 days. *Rag1*^−^*^/^*^−^, *Ifngr*^−^*^/^*^−^, *Ifng*^−^*^/^*^−^, *Prf1*^−^*^/^*^−^, *Vav1-Cre*, and *Rosa26-LSL-rtTA* mice were purchased from Jackson Laboratory. Transgenic HIF1A-TPM mice were kindly provided by Professor James Bridge from Cincinnati Children's Hospital Medical Center (CCHMC).^[@b22-1021956]^ Mice, with the genotype of *Ncr1-iCre*, were kindly provided by Professor Eric Vivier from the French INSERM Laboratory.^[@b23-1021956]^ LCMV-infected *Prf1*^−^*^/^*^−^ mouse model and the repeated CpG-treated mouse model were generated as previously described.^[@b5-1021956],[@b24-1021956],[@b25-1021956]^ All animal studies were performed according to an approved Institutional Animal Care and Use Committee protocol and federal regulations.

Statistical analysis
--------------------

Data were analyzed by Prism 6.0 (GraphPad Software). *P*\<0.05 was considered significant. Continuous variables were analyzed by using Student *t*-test or one-way ANOVA. Mice survival was estimated using the Kaplan-Meier method.

Information concerning the antibodies and reagents, bioinformatic analysis, flow cytometry, ELISA, western blot, histology, generation of bone marrow-derived macrophages, and the assay used to determine the capacity of macrophages to engulf erythroblasts is reported in detail in the *Online Supplementary Appendix*.

Results
=======

Activated HIF1A signaling in FHL and sJIA patients
--------------------------------------------------

Immune activation is coupled with cytokine signaling and transcriptional changes. To investigate the network of transcription factors in HLH pathogenesis, we took a bioinformatic approach and analyzed two published microarray datasets of patients with FHL and sJIA.^[@b9-1021956],[@b21-1021956]^ Since there are no available sHLH transcript profile data, we utilized the microarray data of sJIA patients which are more likely to be complicated by macrophage activation syndrome, a subtype of sHLH in the context of rheumatoid diseases.^[@b26-1021956]--[@b28-1021956]^ We performed unbiased TF-target enrichment analysis^[@b29-1021956]^ and found that HIF1A, NF-κB, GATA1, and STAT1 are the common immune-related transcription factors in both the FHL and sJIA datasets ([Figure 1A and B](#f1-1021956){ref-type="fig"} and *Online Supplementary Figure S1A and B*). Among these transcription factors, HIF1A is of particular interest as it regulates not only the up-regulated genes but also the down-regulated genes in HLH, indicating that HIF1A might be a critical mediator in HLH development. HIF1A is known to be regulated in both transcriptional and post-translational levels. In the FHL dataset, *HIF1A* mRNA is increased in the FHL patients compared to healthy donors; however, there is no significant difference in HIF1A expression between FHL patients with and those without a genetic diagnosis (*Online Supplementary Figure S1C and D*). At the same time, in the sJIA dataset, there is no significant change in HIF1A expression at the mRNA level between patients and healthy donors (*Online Supplementary Figure S1E*).

![HIF1A signature is enriched in familial hemophagocytic lymphohistiocytosis (FHL) and systemic juvenile idiopathic arthritis (sJIA) patients. (A and B) Heatmaps showing differentially expressed genes with more than a 1.5-fold difference in expression comparing peripheral blood mononuclear cells (PBMCs) from FHL patients (n=11) with healthy donors (n=33) based on a published microarray dataset (GSE26050) (A) and from sJIA patients (n=17) with healthy donors (n=30) based on a published microarray dataset (GSE7753). (B) To the left of the heatmap are top predicted transcription factors using transcription factor-target enrichment analysis using the Go-Elite algorithm in AltAnalyze software. The common predicted transcription factors in both FHL and sJIA datasets are marked in red. (C and D) Gene set enrichment analysis (GSEA) plot showing an increase in gene expression of HIF1A-induced genes in FHL microarray dataset (C) and sJIA dataset (D). Up-regulated genes (fold change \>2.0) in HIF1A over-expressed human cord blood (CB) CD34^+^ cells serve as the HIF1A-induced genes (Genomic Spatial Event database; GSE 54663). Normalized enrichment score (NES), *P*-value, and false discovery rate (FDR) are shown. (E) Venn diagram showing the overlap of the leading edge genes from GSEA comparing FHL and sJIA datasets. Tabular data showing gene ontology (GO) analysis to the overlapping leading edge genes.](1021956.fig1){#f1-1021956}

To investigate enrichment of the HIF1A signature in HLH, we also utilized another bioinformatic approach of gene set enrichment analysis (GSEA) to analyze these two datasets, and revealed that the HIF1A signature is significantly enriched in both the FHL and sJIA PBMCs datasets ([Figure 1C and D](#f1-1021956){ref-type="fig"}). However, there is no significant difference in HIF1A signature enrichment between FHL patients with and those without a genetic diagnosis (*Online Supplementary Figure S1F*). There are 258 leading edge genes (LEGs) in the FHL dataset and 214 LEGs in the sJIA dataset with 108 overlapping common LEGs ([Figure 1E](#f1-1021956){ref-type="fig"}). Gene ontology analysis showed that these overlapping common LEGs are related to blood coagulation, chemotaxis, glycolysis, oxygen species metabolic process, platelet activation, immune response, and cytokines ([Figure 1E](#f1-1021956){ref-type="fig"}). These results further suggest that HIF1A may play a key role in regulating downstream targets in both primary HLH and sHLH patients.

Elevated HIF1A protein in LCMV-infected *Prf1*^−^*^/^*^−^ and CpG-treated mouse HLH models
------------------------------------------------------------------------------------------

Several mouse models that recapitulate primary HLH, sHLH, or MAS have been reported.^[@b7-1021956]^ We determined whether HIF1A signaling is activated in established HLH mouse models. The LCMV-infected perforin-deficient (*Prf1*^−^*^/^*^−^) mouse model is a well-known HLH mouse model that recapitulates biallelic perforin mutation patients with pathogen infection ([Figure 2A](#f2-1021956){ref-type="fig"}).^[@b5-1021956]^ After challenging them with LCMV, the *Prf1*^−^*^/^*^−^ mice quickly developed anemia and thrombocytopenia ([Figure 2B](#f2-1021956){ref-type="fig"}). CD8^+^ T cells activate macrophages *via* secreting IFN-γ in this mouse model. We measured HIF1A expression levels in Gr1^−^CD115^−^F4/80^+^SSC^low^ spleen macrophages by using flow cytometry ([Figure 2C](#f2-1021956){ref-type="fig"})^[@b30-1021956]^ and found that HIF1A levels in spleen macrophages were significantly increased in LCMV-infected *Prf1*^−^*^/^*^−^ mice compared to the control mice ([Figure 2D](#f2-1021956){ref-type="fig"}). We also identified profound type 1 polarized macrophages in the spleen ([Figure 2E and F](#f2-1021956){ref-type="fig"}) and bone marrow (*data not shown*) from the LCMV-infected *Prf1*^−^*^/^*^−^ mice.

![HIF1A protein in macrophages is elevated in hemophagocytic lymphohistiocytosis (HLH) mouse models. (A) Schematic diagram depicting lymphocytic choriomeningitis virus (LCMV)-infected *Prf1*^−^*^/^*^−^ HLH mouse model. Perforin-deficient (*Prf1*^−^*^/^*^−^) mice were infected with or without LCMV-WE of 200 plaque-forming units (PFU) *via* intraperitoneal injection. Mice were sacrificed and analyzed on day (d)14 after inoculation. (B) Hemoglobin (Hb) and platelets (PLT) of LCMV-infected or non-infected *Prf1*^−^*^/^*^−^ mice. (C) Flow cytometry gating strategy showing splenic macrophages identified as Gr1^−^CD115^−^SSC^low^F4/80^+^ from indicated mice. (D) Flow cytometry histogram plot showing HIF1A level in splenic macrophages in indicated mice. The tinted gray histogram represents an LCMV-infected *Prf1*^−^*^/^*^−^ mouse. The blue histogram represents a non-infected *Prf1*^−^*^/^*^−^ mouse. Plot is representative of 4 independent intracellular staining. (E) Flow cytometry dot plot showing CD80 and CD206 expression in splenic macrophages in LCMV-infected or non-infected mice. Plots are representative of 4 independent stainings. (F) Quantitative analysis of percentage of CD80^+^CD206^−^ macrophages in total splenic macrophages in indicated mice. (G) Schematic diagram showing repeated CpG-treated HLH mouse model. CpG (75 μg) or PBS was injected i.p. to wild-type mice on days 0, 2, 4, 6, 8. On d9, mice were sacrificed and analyzed. (H) Hb and PLT of CpG or PBS treated mice on d9. (I) Flow cytometry histogram plot showing HIF1A level of splenic macrophages in indicated mice. The tinted gray histogram represents a CpG-treated mouse. The blue histogram represents a PBS-treated mouse. Plot is representative of 3 independent experiments. (J) Flow cytometry dot plots showing CD80 and CD206 expression in splenic macrophages in CpG or PBS-treated mice. Plots are representative of 3 independent experiments. (K) Quantitative analysis of percentage of CD80^+^CD206^−^ macrophages in total splenic macrophages in CpG or PBS-treated mice. \*\**P*\<0.01, \*\*\**P*\<0.001 *versus* control. Individual symbols each represent one mouse. PFU: plaque-forming units.](1021956.fig2){#f2-1021956}

Repeated injections of TLR9 ligand CpG oligodeoxynucleotides (ODN) causes sHLH in wild-type (WT) mice,^[@b24-1021956]^ which mimics sHLH features ([Figure 2G](#f2-1021956){ref-type="fig"}). After injecting CpG five times into WT mice, CpG-treated-mice developed anemia and thrombocytopenia ([Figure 2H](#f2-1021956){ref-type="fig"}). Similar to what was observed in the primary HLH model, we found that HIF1A expression in the spleen macrophages was also increased in CpG-treated mice ([Figure 2I](#f2-1021956){ref-type="fig"}). Type 1 polarization of macrophages in spleen ([Figure 2J and K](#f2-1021956){ref-type="fig"}) and bone marrow (*data not shown*) was observed in CpG-treated mice. Taken together, these data suggest that HIF1A protein expression is elevated both in primary HLH and sHLH mouse models.

Inducible activation of HIF1A is sufficient for developing HLH-like phenotypes in C57BL/6 background mice
---------------------------------------------------------------------------------------------------------

To determine the significance of HIF1A signaling activation in HLH development *in vivo*, we generated transgenic mice with inducible HIF1A/ARNT expression in hematopoietic cells. We combined the Vav1-Cre allele, Rosa26-loxp-stop-loxp (LSL) reverse-tetracycline-controlled transactivator (rtTA) allele, and triple point mutation (TPM) HIF1A/wild-type ARNT alleles (tet-on-TPM/ARNT) (Vav1-Cre/TPM). Triple point mutations include P402A, P564A and N803A, which prevent degradation and facilitate transcriptional activation of HIF1A.22 Thus, Vav1-Cre/TPM mice have stabilized and constitutively active HIF1A protein ([Figure 3A](#f3-1021956){ref-type="fig"}) in hematopoietic cells after administration of doxycycline. Vav1-Cre mice without the TPM allele (Vav1-Cre/WT) served as control. We confirmed an increase in HIF1A protein level in both c-Kit positive and negative cells ([Figure 3B](#f3-1021956){ref-type="fig"}) by western blot and in individual cell lineages by flow cytometry ([Figure 3C](#f3-1021956){ref-type="fig"}) in Vav1-Cre/TPM mice compared to control mice. Importantly, the level of HIF1A in macrophages in TPM mice is comparable to that in CpG-injected HLH mice (*Online Supplementary Figure S2*).

![Induction of HIF1A/ARNT allele in hematopoietic cells in C57BL/6 mice develops features of hemophagocytic lymphohistiocytosis (HLH). (A) Schematic diagram of inducible HIF1A/ARNT transgenic mouse and HIF1A triple point mutant (TPM) under the *Vav1*-Cre driver. (B) HIF1A protein expression in c-Kit^+^ and c-Kit^−^cells from bone marrow of *Vav1*-Cre/TPM mice and control mice shown by western blot. (C) Flow cytometry histogram plot showing HIF1A level in splenic macrophages gated on Gr1^−^CD115^−^F4/80^+^cells, T cells gated on CD3^+^cells, B cells gated on B220^+^cells. The tinted gray histogram represents a *Vav1*-Cre/wild-type (WT) mouse, the blue histogram represents a *Vav1*-Cre/TPM mouse. (D--I) *Vav1*-Cre/TPM mice and control mice were administrated with doxycycline, sacrificed and analyzed on day (d)8. Hemoglobin (Hb) (D), platelet (PLT) (E), and bone marrow (BM) cellularity of one femur (F) were shown. (G--I) Representative plot of spleen (SP) (G), quantitative analysis of spleen weight (H) and representative plot of liver (I) were shown. (J and K) Liver sections of *Vav1*-Cre/TPM mice and control mice on d4 were stained by H&E. (J) Representative plots at an original magnification of ×400. Infiltrates are marked with black arrow. (K) Representative scattered dot plots indicating infiltration of CD11b^+^ myeloid cells (gated on CD45^+^ cells) into liver. (L) Serum ferritin levels of *Vav1*-Cre/TPM mice and control mice were measured by ELISA at end point of survival. (M) Kaplan-Meier analysis of survival of *Vav1*-Cre/TPM mice (n=32) and control mice (n=26). (N) Relative mRNA expression of selected genes from the common leading edge genes of GSEA of FHL and sJIA datasets was measured in PBMCs from *Vav1*-Cre/TPM mice (n=3) and control mice (n=3) by qRT-PCR. Data are representative of 3 independent experiments. Depicted data are from at least 3 independent experiments. Individual symbol in dot plots each represents one mouse. \*\**P*\<0.01, \*\*\**P*\<0.001 *versus* control for all experiments. GSEA: gene set enrichment analysis; sJIA: systemic juvenile idiopathic arthritis.](1021956.fig3){#f3-1021956}

After doxycycline administration, TPM mice with the pure C57BL/6 background quickly developed severe anemia and thrombocytopenia ([Figure 3D and E](#f3-1021956){ref-type="fig"}). Bone marrow cellularity was dramatically reduced in the TPM mice ([Figure 3F](#f3-1021956){ref-type="fig"} and *Online Supplementary Figure S3A*). We did not find a blockade of erythropoiesis in the bone marrow and spleen from Vav1-Cre/TPM mice (*Online Supplementary Figure S4*), indicating a cell extrinsic mechanism for quick progression of anemia and a decrease in bone marrow cellularity. Consistent with the diagnostic criteria for HLH, TPM mice showed splenomegaly ([Figure 3G and H](#f3-1021956){ref-type="fig"}). Normal splenic follicular architecture was disrupted in the TPM mice (*Online Supplementary Figure S3B*). Liver dysfunction is commonly observed in HLH patients. Indeed, TPM mice had substantial inflammatory cells infiltrated into the liver ([Figure 3I](#f3-1021956){ref-type="fig"}). Flow cytometric analysis revealed that most of these cells were CD11b^+^ myeloid cells ([Figure 3J](#f3-1021956){ref-type="fig"}). However, we failed to find robust hemophagocytosis in the cytospins or sections of bone marrow, spleen, or liver (*data not shown*). High levels of serum ferritin, which is also one of the diagnostic criteria for HLH, was observed in the TPM mice in comparison with the control mice ([Figure 3K](#f3-1021956){ref-type="fig"}). Furthermore, several inflammatory cytokines, such as IL-6, IL-12, and IFN-γ, were increased in the serum from the TPM mice (*Online Supplementary Figure S5*). All of the mice succumbed within three weeks ([Figure 3L](#f3-1021956){ref-type="fig"}). We further confirmed that several genes related to chemokine, macrophage activation, and glycolysis (which are the common LEGs of HIF1A signature in FHL and sJIA datasets), were elevated in the Vav1-Cre/TPM mice ([Figure 3M](#f3-1021956){ref-type="fig"} and *Online Supplementary Figure S6*). Taken together, inducible expression of stabilized and active HIF1A with ARNT gives rise to HLH-like phenotypes in pure C57BL/6 background mice.

Unaffected T-cell populations and dysregulated NK cells in induced TPM mice
---------------------------------------------------------------------------

Given that robust activation of CD8^+^ T cells is observed in the primary HLH mouse model, we first determined the T-cell populations in TPM mice. However, no significant change in the frequency and absolute number of CD8^+^ T cells was observed in the TPM mice ([Figure 4A and B](#f4-1021956){ref-type="fig"}). We also measured IFN-γ production in CD8^+^ T cells and did not find a significant difference between the TPM mice and the control mice ([Figure 4C](#f4-1021956){ref-type="fig"}), indicating that CD8^+^ T cells may not play a key role in HIF1A induced HLH-like phenotypes.

![Unaffected T-cell populations and dysregulated natural killer (NK) cells in inducible triple point mutant (TPM) mice. *Vav1*-Cre/TPM and control mice were administrated with doxycycline and analyzed on day (d)8 after doxycycline induction. (A and B) Percentage of CD8^+^ cells in CD3^+^ T cells (A) and absolute number of CD8^+^ T cells (B) in spleen (SP). (C) Left: representative flow cytometry scatter dot plots showing IFN-γ production in splenic CD8^+^ T cells (gated on CD3^+^CD8^+^ cells). Splenocytes from *Vav1*-Cre/TPM and control mice were harvested and re-stimulated with PMA, ionomycin, and monensin for 5 hours to determine the capacity of IFN-γ production by intracellular staining of flow cytometry. Right: quantitative analysis of IFN-γ level in splenic CD8^+^ T cells. (D) Representative flow cytometry scattered dot plots showing the frequency of total NK cells (CD3^−^CD115^−^B220^−^NK1.1^+^) and mature NK cells (CD3^−^CD115^−^B220^−^NK1.1^+^ DX5^+^) in spleen of *Vav1*-Cre/TPM and control mice. (E and F) Quantitative analysis of frequency (E, left) and absolute number (E, right) of total splenic NK cells and frequency (F, left) and absolute number (F, right) of mature splenic NK cells from flow cytometry data of (D). (G) Splenocytes were separated in indicated mice and re-stimulated as mentioned in (B). Left: representative flow cytometry scatter dot plots showing IFN-γ production in splenic NK cells (gated on CD3^−^CD115^−^B220^−^NK1.1^+^ cells). Right: quantitative analysis of IFN-γ production in splenic NK cells from flow cytometry data of (G). (H) Quantitative analysis of CD107a expression of splenic NK cells (gated on CD3^−^CD115^−^B220^−^NK1.1^+^ cells). (I) Quantitative analysis of NKp46 expression of splenic NK cells (gated on CD3^−^CD115^−^B220^−^NK1.1^+^ cells). Depicted data are representative of 3 independent experiments. Individual symbol in dot plots each represents one mouse. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 *versus* control for all experiments. \#: absolute number; ns: not significant.](1021956.fig4){#f4-1021956}

Natural killer cell activity is important for immune homeostasis. NK cell defect is one of the critical features of primary HLH. Reduced NK cell number or impaired NK cell function has been reported in some of the sHLH patients. Interestingly, we found a significant reduction in the number of total NK cells and DX5^+^ mature NK cells in the spleen ([Figure 4D--F](#f4-1021956){ref-type="fig"}), peripheral blood and bone marrow (*data not shown*) from the TPM mice. Importantly, IFN-γ production in NK cells was impaired in the TPM mice ([Figure 4G](#f4-1021956){ref-type="fig"}). However, cell surface CD107a expression in NK cells was comparable between the TPM mice and the control mice ([Figure 4H](#f4-1021956){ref-type="fig"}), suggesting no major defect in degranulation of cytotoxic granules in TPM mice. It has been reported that hypoxia may lead to a reduction in NKp46 expression, an NK cell activating receptor, *in vitro*.^[@b31-1021956]^ However, there was no significant difference in NKp46 expression between the TPM mice and the control mice ([Figure 4I](#f4-1021956){ref-type="fig"}). These data suggest that TPM mice have quantitative and functional dysregulation in NK cells.

To determine whether the impairment of NK cells is due to intrinsic or extrinsic NK cell factors, we generated *Ncr1*-iCre/LSL/TPM (*Ncr1*-iCre/TPM) mice. Using GFP reporter, we confirmed that Ncr1-iCre is specifically expressed in NK cells (*Online Supplementary Figure S7A and C*).^[@b23-1021956]^ Surprisingly, after NK cell specific TPM induction, we did not find any changes in the NK cell number or differentiation pattern compared to the control mice (*Online Supplementary Figure S7B and D*), indicating that the NK cell dysregulation in Vav1-Cre/TPM mice may be due to a non-autonomous cellular mechanism.

Slightly changed dendritic cells but strongly polarized Type 1 macrophages in induced TPM mice
----------------------------------------------------------------------------------------------

Since a minor fraction of dendritic cells (DCs) persistently present antigens and drive T cells in the primary HLH mouse model, we measured DC population in the TPM mice. There was an increase in the number of plasmacytoid DCs (pDCs) in the early stage but not in the number of conventional DCs (cDCs) ([Figure 5A--C](#f5-1021956){ref-type="fig"}). However, at a later time, there was no significant difference in numbers of pDCs and cDCs between the TPM mice and the control mice (*Online Supplementary Figure S8*).

![Dendritic cells (DCs) are slightly changed but macrophages are strongly polarized in triple point mutation (TPM)-induced mice. *Vav1*-Cre/TPM and control mice were administrated with doxycycline, DCs and macrophages were analyzed. (A) Representative flow cytometry scatter dot plots showing splenic DCs from *Vav1*-Cre/TPM and control mice on day (d)4 after doxycycline induction. Plasmacytoid DCs (pDCs) are identified as NK1.1^−^CD11c^+^B220^+^CD11b^−^CD8^−^ cells. CD11b^+^ conventional DCs (cDCs) are identified as NK1.1^−^ CD11c^+^B220-CD11b^+^CD8^−^cells. CD8^+^ cDCs are identified as NK1.1^−^CD11c^+^B220^−^CD11b^−^CD8^+^cells. (B and C) Quantitative analysis of frequency (B) and absolute number (C) of pDCs, CD11b^+^ cDCs, and CD8^+^ cDCs in spleen cells on d4. (D--I) Quantitative analysis of frequency and absolute number of total macrophage in spleen (SP) (D) and bone marrow (BM) (G). Representative flow cytometry CD80/CD206 scatter dot plots of splenic macrophages (E) and BM macrophages (H). Quantitative analysis of percentage of CD80^+^CD206^−^ macrophages in spleen (F) and BM (I). (J) Schematic diagram depicting assay measuring the ability of polarized macrophages to engulf erythroblast. BMDM from wild-type mice were incubated with IFN-γ for 48 hours (h) to polarize towards type 1, or with IL-4 for 24 h to polarize towards type 2, followed by co-culturing with erythroblasts for 12 h. (K) Representative flow cytometry CD80/CD206 scatter dot plots (left) of cultured BMDM. Cytospin was made followed by Giemsa staining. Engulfment of erythroblasts by polarized BMDM was observed under the microscope (right). (L) Quantitative analysis of percentage of macrophages engulfing erythroblasts of total macrophages. Depicted data are representative of at least 3 independent experiments. Individual symbol in dot plots each represents one mouse. \**P*\<0.05, \*\*\**P*\<0.001 *versus* control for all experiments. \#: absolute number; ns: not significant; Mϕ: macrophage.](1021956.fig5){#f5-1021956}

Macrophage activation by diverse triggers is a common feature in HLH. We found type 1 polarization of macrophages in both primary and sHLH models; thus, we investigated the macrophage population in TPM mice. The number of macrophages was significantly increased in the spleen, but not in the bone marrow in TPM mice ([Figure 5D and G](#f5-1021956){ref-type="fig"}). More importantly, the macrophages were polarized toward type 1 in both bone marrow and spleen from the TPM mice ([Figure 5E, F, H and I](#f5-1021956){ref-type="fig"}). To further determine whether type 1 polarized macrophages are able to phagocytose erythrocytes and cause anemia, we cultured erythroblasts with IFN-γ-polarized type 1 bone marrow-derived macrophages (BMDMs) or IL-4-polarized type 2 BMDMs and found that only type 1 macrophages, but not type 2 macrophages, engulfed erythroblasts ([Figure 5J--L](#f5-1021956){ref-type="fig"} and *Online Supplementary Figure S9*). Taken together, our data suggest that HIF1A signaling activation causes type 1 macrophage polarization, which might also contribute to engulfment of erythroblasts and cause anemia in the HLH disease scenario.

Adaptive immune cells are not required for TPM-induced HLH phenotypes
---------------------------------------------------------------------

Since there was no change in the frequency of the total and IFN-γ producing CD8^+^ T cells in the TPM mice, we further investigated the role of the lymphocytes in TPM-induced HLH phenotypes. We crossed *Vav1*-Cre/TPM mice with recombination activation gene 1 (Rag1)-deficient (*Rag1^−/−^/*) mice that lack T cells and B cells ([Figure 6A B](#f6-1021956){ref-type="fig"}) and generated *Rag1^−/−^/Vav1*-Cre/TPM mice. *Rag1^−/−^/Vav1*-Cre/WT mice served as control. After administration of doxycycline, *Rag1^−/−^/Vav1*-Cre/TPM developed similar anemia, thrombocytopenia, and splenomegaly as the Vav1-Cre/TPM mice ([Figure 6C and D](#f6-1021956){ref-type="fig"}). Type 1 macrophage polarization was also observed in *Rag1^−/−^/Vav1*-Cre/TPM mice ([Figure 6E](#f6-1021956){ref-type="fig"}). Survival of *Rag1^−/−^/Vav1*-Cre/TPM mice was not prolonged compared to Vav1-Cre/TPM mice ([Figure 6F](#f6-1021956){ref-type="fig"}). These data indicate that adaptive immunity is not essential for TPM-induced HLH phenotypes and non-lymphoid cells are sufficient to mediate disease progression in TPM mice.

![Adaptive immunity is not required for triple point mutation (TPM)-induced anemia, thrombocytopenia, and macrophage polarization. *Rag1^−/−^*/*Vav1*-Cre/LSL/TPM (*Rag1^−/−^*/TPM) mice were generated. *Rag1^−/−^*/*Vav1*-Cre/LSL/WT (*Rag1^−/−^*/WT) mice served as their control. *Rag1^−/−^*/TPM, *Rag1^−/−^*/WT, *Vav1*-Cre/TPM, *Vav1*-Cre/WT mice were administrated with doxycycline. (A and B) Representative flow cytometry scatter dot plots showing percentage of T, B cells (A) and natural killer (NK) cells (B) in peripheral blood (PB) in *Rag1^−/−^* and wild-type mice. (C and D) Mice were administrated with doxycycline and analyzed on day (d)8 after doxycycline induction. Hemoglobin (Hb), platelets (PLT) (C) and spleen (SP) weight (D) are shown. (E) Representative flow cytometry CD80/CD206 scatter dot plots of splenic macrophages. (F) Kaplan-Meier analysis of survival of *Rag1^−/−^*/TPM (n=8), *Rag1^−/−^*/WT (n=8), Vav1-Cre/TPM (n=32), Vav1-Cre/WT (n=26) mice. Statistical analysis showed that there was a significance between *Rag1^−/−^*/TPM and *Rag1^−/−^*/WT mice (*P*\<0.0001), but no significance between *Rag1^−/−^*/TPM and *Vav1-Cre*/TPM mice (*P*\>0.05). Depicted data are representative of 3 independent experiments. Individual symbol in dot plots each represents one mouse. ^\*\*\*^*P*\<0.001 *versus* control for all experiments. ns: non-significance.](1021956.fig6){#f6-1021956}

Genetically blocking IFN-γ signaling could not rescue TPM-induced phenotypes except to partly rescue the anemia
---------------------------------------------------------------------------------------------------------------

IFN-γ is a critical factor upstream of HIF1A for type 1 macrophage polarization and is essential for disease development in the LCMV-infected *Prf1^−/−^* HLH mouse model. Thus, we determined the role of IFN-γ signaling in TPM-induced HLH. We generated *Ifngr^−/−^/Vav1*-Cre/TPM (*Ifngr^−/−^*/TPM) mice. *Ifng^−/−^/Vav1*-Cre/WT (*Ifngr^−/−^*/WT) mice served as control. Interestingly, TPM-induced anemia was partially rescued in *Ifngr* deficient mice ([Figure 7A](#f7-1021956){ref-type="fig"}). However, the *Ifngr^−/−^*/TPM mice still developed severe thrombocytopenia ([Figure 7B](#f7-1021956){ref-type="fig"}) and all of them succumbed to disease, but with a prolonged latency compared to the Vav1-Cre/TPM mice ([Figure 7C](#f7-1021956){ref-type="fig"}). Flow cytometric analysis revealed that TPM-induced type 1 polarization of macrophages was not blocked in *Ifngr*-deficient mice ([Figure 7D](#f7-1021956){ref-type="fig"}). We also generated *Ifng^−/−^/Vav1*-Cre/TPM (*Ifngr^−/−^*/TPM) mice and found similar results (*Online Supplementary Figure S10*) indicating that HIF1A-induced HLH-like phenotypes in TPM mice are independent of IFN-γ ligand and receptor. It is likely that IFN-γ ligand and receptor are the upstream of HIF1A signaling, and HIF1A activation itself could lead to type 1 macrophage polarization to some degree even without IFN-γ ligand and receptor. To determine whether IFN-γ could induce HIF1A signaling and cause type 1 polarization in macrophages, we treated the mouse macrophage cell line, Raw264.7 cells, with IFN-γ. We found that the level of HIF1A protein and the expression of known HIF1A target genes, including the critical macrophage polarization gene *Nos2*, are significantly increased in the IFN-γ treated Raw264.7 cells compared to the control ([Figure 7E and F](#f7-1021956){ref-type="fig"}). We also cultured BMDMs from TPM mice and induced TPM expression *in vitro*. We found an increase in mRNA expression of macrophage polarization-related gene (*Nos2*), glycolysis-related genes (*Hk2, Pfkfb3*), and also other HIF1A direct target genes (*Adm*) ([Figure 7G and H](#f7-1021956){ref-type="fig"}). These genes were similarly activated by IFN-γ when treated with Raw264.7 cells ([Figure 7F](#f7-1021956){ref-type="fig"}). The evidence suggests that HIF1A signaling is the downstream of IFN-γ signaling and that activation of HIF1A signaling could activate and polarize macrophages which results in some key features of HLH-like phenotypes. Activation of HIF1A signaling in combination with activation of other pathways, such as NF-κB and STAT1, might lead to the complete complex HLH phenotypes as seen in humans ([Figure 7I](#f7-1021956){ref-type="fig"}).

![Genetic deletion of IFN-γ receptor cannot rescue the triple point mutation (TPM) induced hemophagocytic lymphohistiocytosis (HLH)-like phenotypes. (A-D) *Ifngr^−/−^/Vav1*-Cre/LSL/TPM (Ifngr−/−/TPM) mice were generated. *Ifngr^−/−^/Vav*-Cre/LSL/WT \[*Ifngr^−/−^*/wild-type (WT)\] mice served as their control. *Ifngr^−/−^*/TPM, *Ifngr^−/−^*/WT, *Vav1*-Cre/TPM, *Vav1*-Cre/WT mice were administrated with doxycycline. (A and B) Hemoglobin (Hb) (A) and platelets (PLT) (B) on day (d)8 after doxycycline induction. (C) Kaplan-Meier analysis of survival of *Ifngr^−/−^*/TPM (n=8), *Ifngr^−/−^*/WT (n=8), *Vav1*-Cre/TPM (n=32), *Vav1*-Cre/WT (n=26) mice. Statistical analysis showed that there was a significant difference between *Ifngr^−/−^*/TPM and *Ifngr^−/−^*/WT mice (*P*\<0.0001), and between *Ifngr^−/−^*/TPM and *Vav1*-Cre/TPM mice (*P*\<0.05). (D) Representative flow cytometry CD80/CD206 scatter dot plots of splenic macrophages in the indicated mice. (E) Cell lysates of IFN-γ (20 IU/mL or 100 IU/mL) as final concentration) or Cocl2-treated Raw264.7 cells were analyzed for HIF1A and β-Actin by western blot. (F) Raw264.7 cells were treated with or without IFN-γ (100 IU/mL as final concentration) for 24 hours (h). mRNA expression of the indicated genes was shown by qRT-PCR. (G) Schematic diagram showing *Vav1*-Cre/TPM mice-derived BMDM turning on expression of HIF1A/ARNT following addition of doxycycline *in vitro* (top). HIF1A protein level in doxycycline-treated or untreated *Vav1*-Cre/TPM mice-derived BMDM measured by western blot (bottom). (H) Relative mRNA expression of the indicated genes was shown by qRT-PCR. (I) Working model for the role of HIF1A in HLH. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 *versus* control for all experiments.](1021956.fig7){#f7-1021956}

Discussion
==========

Although there are differences in etiology and pathological immune response between FHL patients and sHLH patients, they have similar clinical manifestations and the same features of hyper-inflammation and hyper-immune response.^[@b2-1021956],[@b7-1021956]^ Identification of key common mediators in HLH may help to explore novel therapeutic targets that would have a wider application in HLH patients. In the present study, we identified that the HIF1A signature is enriched in both FHL and sJIA patients, and its protein level is elevated in primary and sHLH mouse models. Induction of HIF1A signaling in hematopoietic cells *in vivo* results in HLH-like phenotypes. This indicates that HIF1A is a critical mediator for HLH.

HIF1A is reported to be involved in inflammation and immune response.^[@b10-1021956],[@b12-1021956],[@b32-1021956]^ In line with this, our bioinformatic analysis of FHL and sJIA datasets revealed that HIF1A might have a wide regulatory effect in HLH pathogenesis, which may be related to regulation of chemotaxis, cytokines, immune response, glycolysis, blood coagulation, and apoptosis, as indicated by the GO analysis. Notably, it is evident that FHL patients have a stronger signature than sJIA patients. This could be due to the independent processes of these two array datasets from both groups. There is also a possibility that the strong genetic component of FHL leads to this discrepancy. However, we did not observe a significant difference in the HIF1A signature between FHL patients with and those without a genetic diagnosis in this dataset. It is hard to completely rule out the possibility that genetic mutation drives HIF1A signature since only mutations of *PRF1, UNC13D*, and *STX11* were tested in this FHL microarray dataset.^[@b21-1021956]^ Patients without a genetic diagnosis may still carry disease-causing mutations. Future studies are needed to clarify whether the strong genetic background could have additional effects on the gene signatures. Nonetheless, the stronger signature in FHL patients as compared to the sJIA patients could be the underlying difference between these two diseases, and it is possible that the involvement of distinct cell types causes this difference. T cells, NK cells, macrophages, and DCs are all involved in the FHL pathogenesis, while T cells and NK cells are less involved in the sJIA pathogenesis.^[@b33-1021956]^ Thus, in microarray datasets of PBMCs, FHL may show a stronger signature than sJIA.

Macrophage activation/polarization is a common feature in HLH mouse models irrespective of their specific etiology. Macrophages have been reported to switch their metabolism from oxidative phosphorylation towards glycolysis upon pro-inflammatory stimuli by the upregulation of HIF1A.^[@b34-1021956],[@b35-1021956]^ Indeed, we found that HIF1A was stabilized in macrophages in both the LCMV/*Prf1^−/−^* model and the CpG model. Our data are consistent with other reports that numerous stimuli, such as IFN-γ, TNF-α, CpG, and LPS, are able to increase the HIF1A protein level in macrophages.^[@b10-1021956]^ These cytokines and TLR ligation might co-operate to increase HIF1A protein levels in HLH.

Although several studies have showed an HIF1A deficiency in myeloid cells leads to impaired inflammatory responses, the effect of activation of HIF1A in hematopoietic cells *in vivo* remains unclear. Here, we show that induction of HIF1A in hematopoietic cells *in vivo* is lethal and gives rise to some HLH-like phenotypes, such as severe anemia, thrombocytopenia, splenomegaly, liver damage, ferritinemia, and macrophage activation, suggesting that HIF1A is a critical mediator in HLH. We are also aware that HIF1A-induced phenotypes cannot recapitulate all the manifestations seen in human HLH patients. This could be due to the fact that other transcription factors which co-operate with HIF1A activation to generate the overt HLH phenotypes are required. Our analysis of the transcription factor network sheds light on other key transcription factors in HLH development which could help in future research.

Defective CD8^+^ T cells are regarded as the driver in the primary HLH mouse model.^[@b5-1021956]^ However, the HLH-like phenotypes in the TPM mouse model are not dependent on lymphocytes since activation of HIF1A also causes HLH phenotypes in *Rag1^−/−^* mice. This indicates that non-lymphocytes contribute to the HLH-like phenotypes. Here, we observed that HIF1A activation leads to macrophage type 1 polarization *in vivo*. Our *in vitro* data and other reports revealed that HIF1A can up-regulate *Nos2*, *IL-6*, *IL-1β*, *CXCR4* and, glycolysis-related genes which might account for the *in vivo* type 1 polarization.^[@b32-1021956]^ The role of type 1 polarization of macrophages for anemia in HLH is still unclear. Our *in vitro* data show that IFN-γ-polarized type 1 macrophages engulf erythroblasts, which is consistent with our earlier report^[@b36-1021956]^ that IFN-γ acts directly on macrophages resulting in hemophagocytosis, leading to a consumptive anemia *in vivo*. There is also evidence that hemophagocytes express type 2 polarized macrophage markers such as CD206 or CD163, and exhibit expression profiles similar to resting splenic macrophages.^[@b37-1021956],[@b38-1021956]^ This discrepancy in distinct macrophage activation type may be due to a different subpopulation of macrophage, or to various different etiological scenarios. Although IFN-γ-polarized type 1 macrophages phagocytose erythroblasts in our *in vitro* experiment setting, robust phagocytosis was not observed in the TPM mice, which suggests that type 1 polarization of macrophages induced by HIF1A transgene is not sufficient to induce hemophagocytosis *in vivo*.^[@b24-1021956],[@b39-1021956],[@b40-1021956]^ Other additional factors, such as blocking IL-10 signaling or involvement of DCs may be required for phagocytosis *in vivo*. Future investigation will be needed to verify these possibilities.

IFN-γ is a potent stimulator for type 1 macrophage polarization, and plays a central role in a large proportion of HLH patients and in FHL mouse models; however, it has also been seen that it is not essential in some of the sHLH mouse models.^[@b39-1021956],[@b41-1021956]^ Our study also showed that TPM-induced HLH-like phenotypes are independent of IFN-γ. In fact, our *in vitro* data and other reports showed that HIF1A is a downstream effector of IFN-γ, and activation of HIF1A in macrophages leads to the increase in type 1 polarization-related genes, such as *Nos2*, and other glycolysis-related genes. However, partial rescue of anemia was observed in TPM mice with IFN-γ deficiency. IFN-γ may also have HIF1A-independent mechanisms that affect erythropoiesis, as has been reported.^[@b42-1021956]^

In summary, our study suggests that HIF1A is a common critical downstream mediator for HLH. We propose that HIF1A activation as the consequence of systemic inflammation, cytokine storm, or ligation of TLR may contribute to HLH development. Thus, HIF1A might be a promising therapeutic target for HLH intervention.
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